The worldwide rise in antibiotic resistance by microorganisms has stimulated intensive research toward the development of alternative therapeutic strategies. A promising new way to treat bacterial infections is photodynamic inactivation. [1] [2] [3] [4] This approach is based on the photo-irradiation of a dye accumulated in microbial cells in the presence of oxygen, which produces reactive oxygen species, such as singlet oxygen, causing lethal damage to the microorganisms. Although both DNA and the cytoplasmic membrane have been proposed as targets, damage to the cytoplasmic membrane is most probably the prime cause of bacterial cell death. [1] [2] [3] [4] We were interested in monitoring the time-dependent process of this damage, using electrochemical sensors, such as ion-selective and oxygen electrodes. Although these sensors are widely used to analyze the actions of biologically-active substances in living cells, [5] [6] [7] [8] including photodynamic action, 9 no study has reported the in situ monitoring of the photodynamic inactivation of bacteria under photo-irradiation.
We used tetrakis(4-N-trimethylaminophenyl)porphine (TTMAPP) and rose bengal, two dyes reported to show strong photodynamic inactivation of bacteria at μM levels. 10, 11 The microorganism used was Staphylococcus aureus FDA 209P. Cells were grown at 37 C in a medium containing 1.5% polypeptone, 0.5% bovine extract, 0.5% NaCl and 0.5% K2HPO4. 5 The cells were harvested in the exponential phase of growth, washed twice with buffer (150 mM NaCl and 10 mM NaH2PO4/Na2HPO4 (pH 7.2)) and suspended in this buffer at 4 × 10 10 CFU ml -1 . Figure 1 shows the experimental setup for measuring bacterial respiration. The cell suspension was diluted in a solution containing 1 μM of dye (TTMAPP or rose bengal), 150 mM NaCl, and 10 mM NaH2PO4/Na2HPO4 (pH 7.2), and placed in a cylindrical glass vessel (inner diameter 21 mm, height 40 mm). An oxygen electrode (P-type; Biott, Tokyo, Japan) was set in place and the vessel was covered with silicon rubber. 12, 13 After the respiration of bacteria was stimulated by adding sodium lactate (final concentration, 10 mM) 7 with a microsyringe through a small pore made in the silicon rubber, 12, 13 the suspension was photo-irradiated with a 1-kW tungsten projector lamp (Rikagaku Seiki, Tokyo, Japan). The final concentration of the cells was 3 × 10 8 CFU ml -1 , and the total volume of the cell suspension was 3.5 ml. K + permeability and membrane potential measurements were performed in an assay solution containing 1 μM of dye, 10 mM sodium lactate, 150 mM NaCl, and 10 mM NaH2PO4/Na2HPO4 (pH 7.2), in both the absence and presence of 10 μM tetraphenylphosphonium chloride (TPPCl), respectively. The assay solution was placed in a cylindrical glass vessel (inner diameter 15 mm, height 16 mm), and a K + or TPP + electrode, as well as a miniaturized reference electrode, 14 was inserted. The cell suspension was then added and the solution was photo-irradiated with a projector lamp. The final concentration of the cells was 2 × 10 9 CFU ml -1 , and the total volume of the cell suspension was 1 ml. All of the measurements were performed with stirring in a thermostat adjusted to 37 C. The K + and TPP + electrodes were constructed as reported previously. 5, 6, 14 Melittin (final concentration, 10 μM) was used to disrupt the cytoplasmic membrane of S. aureus cells in order to determine both the 100% level of the K + efflux from bacteria and the 0% level of the membrane potential (the complete dissipation of membrane potential). 5, 15 The maximal uptake of TPP + , observed just prior to photo-irradiation, was defined as 100% membrane potential. 5 Figure 2 shows the time courses of dye-induced changes in the respiration rate, permeability to K + , and membrane potential, monitored using the oxygen electrode, K + electrode, and TPP + electrode, respectively. As shown in Figs. 2(a) and 2(b) , TTMAPP and rose bengal inhibited the respiration of bacteria and induced the efflux of K + from bacteria shortly after photo-irradiation. The membrane potential, as monitored with the TPP + electrode (Fig. 2(c) ), also began to decrease after a short time lag. The effect of rose bengal was stronger than that of TTMAPP, especially in causing the K + efflux. In the dark, The photodynamic inactivation of the membrane functions of bacteria was analyzed in situ, using K + and tetraphenylphosphonium (TPP + ) electrodes, as well as an oxygen electrode. Tetrakis(4-N-trimethylaminophenyl)porphine (TTMAPP) and rose bengal were used, since both dyes act strongly on bacteria, such as Staphylococcus aureus. After a short time lag, they inhibited the respiration of bacteria and increased the permeability of the cytoplasmic membrane to K + , while dissipating the membrane potential. This combination of sensors is quite useful for visualizing the actions of photosensitizers on the bacterial membrane. TTMAPP and rose bengal impaired the bacterial function by reducing the membrane potential within minutes of photo-irradiation. Rapid Communications both dyes had no toxic effect. There have been many studies showing that the photo-irradiation of TTMAPP and rose bengal in the presence of oxygen generates reactive oxygen species, such as singlet oxygen, which have the ability to oxidize proteins and lipids in cells, leading to microbial cell damage. [1] [2] [3] [4] As a result, the electron-transfer system of the respiratory chain and membrane integrity were affected. Both pigments caused a dissipation of the membrane potential, concurrently with the inhibition of respiration and an increase in the permeability of membranes, although the effect of TTMAPP on the membrane permeability was weak. It is now well established that the respiratory chain generates the electrochemical potential of bacterial membranes, and that the ATP synthase complex uses this potential to drive ATP synthesis. 16 Thus, inhibition of the respiratory chain dissipated the membrane potential, and concurrent increase in the membrane permeability led to complete inactivation of the energy production system of bacteria. In situ monitoring of bacterial membrane functions clearly demonstrated that the dissipation of the membrane potential was triggered by respiratory inhibition and an increase in the membrane permeability, leading to lethal damage to the bacteria, similar to the actions of many biologically active substances affecting the membrane potential of bacteria. 5, 8, 17 As shown in this study, the use of electrochemical sensors for biochemical analysis is attractive because the measurement is fast, easy, and continuous in a turbid cell suspension. , and membrane potential (c) by TTMAPP and rose bengal. Black, green, and pink lines indicate traces for the control (without dye), TTMAPP, and rose bengal, respectively. In the respiration experiment (a), cells were suspended in a solution containing 1 μM of dye (TTMAPP or rose bengal), 150 mM NaCl, and 10 mM NaH2PO4/Na2HPO4 (pH 7.2). The first arrow indicates when sodium lactate (final concentration, 10 mM) was added. The second and third arrows indicate the start and end of photo-irradiation, respectively. The K + permeability and membrane potential (b and c) were measured in a solution containing 1 μM of dye, 10 mM sodium lactate, 150 mM NaCl, and 10 mM NaH2PO4/Na2HPO4 (pH 7.2), in both the absence and presence of 10 μM TPPCl, respectively. The addition of a cell suspension in (b) produced an increase in the K + concentration that was attributed to the K + remaining in the cell suspension, while that in (c) induced a membrane potential-driven uptake of TPP + in the bacterial cytosol. The second and third arrows indicate the start and end of photo-irradiation, respectively. The fourth arrow indicates the addition of melittin (final concentration, 10 μM) to disrupt the cytoplasmic membrane of S. aureus cells. All measurements were performed at 37 C.
The present combination of sensors was especially useful for visualizing the actions of photosensitizers on a bacterial membrane. We present here for the first time evidence that TTMAPP and rose bengal impaired bacterial function through a decrease in the membrane potential within minutes of photo-irradiation.
